The spotted wing drosophila, Drosophila suzukii (Matsumura) (Diptera: Drosophilidae), is one of the most important pests of berry crop production in Mexico. The purpose of this research was to model the potential distribution of D. suzukii in the Mexico relative to 4 non-crop hosts using Maximum Entropy Ecological Niche Modeling. Spotted wing drosophila records were collected from a survey conducted in commercial blackberry plots and non-cultivated areas between 2013-2015. The data for the presence of non-crop hosts in the country and the bioclimatic variables used in the modeling were obtained from the Global Biodiversity Information Facility and WorldClim websites, respectively. For climatic variable selection, a principal component analysis on climatic variables was conducted prior to the MaxEnt modeling. The results demonstrate that the potential distribution of spotted wing drosophila was primarily in central Mexico. However, other suitable locations in the southeastern portion of the county were identified, which were not previously known. Likewise, the joint modeling depicted areas of coincidence between the spotted wing drosophila distribution and 4 alternating non-crop hosts commonly distributed in the berry-producing region, which includes the states of Michoacán, Jalisco, Guanajuato, and Mexico. This joint modeling of the potential distribution of spotted wing drosophila and non-crop hosts partly explains how the populations of the pest sustain themselves during seasons of low or no commercial berry production in Mexico.
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. These non-crop species are widely distributed in the tropical and subtropical regions of Mexico (Rzedowski & Calderón de Rzedwski 1999; Rzedowski & Calderón de Rzedowski 2005; Jaiswal & Jaiswal 2005; Cruz & Gutiérrez 2010) . Additionally, the species inhabit the same geographical space and are frequently associated with the commercial production areas of berry crops.
Obtaining knowledge of the potential distribution of an invasive species is useful for planning and decision-making for public plant health policies. In this regard, different algorithms for modeling ecological niches have been published that use presence and absence data or only presence in conjunction with environmental variables in a particular zone (Phillips et al. 2006; Franklin 2009; Peterson et al. 2011) . Maximum Entropy Ecological niche modeling with the MaxEnt algorithm is one of the most popular methodologies for modeling species distribution (Phillips et al. 2006; Booth et al. 2014) .
The MaxEnt algorithm estimates a target probability distribution by searching for the distribution of the probability of maximum entropy (close to uniform distribution) subject to a set of constraints that represents incomplete information regarding the target distribution (Phillips et al. 2006) . The available information regarding this distribution is the set of environmental variables known as characteristics. Additionally, expected constraints of each characteristic must correspond to their mean values of the sample (the sample mean for a set of sampling points has been extracted from the destination distribution) (Phillips et al. 2006; Cruz-Cárdenas et al. 2014a) .
The ecological niche modeling with the MaxEnt algorithm has been used to estimate the potential distribution of different invasive species (Václavík & Meentemeyer 2009; Elith 2014; Hill & Thomson 2015; Jarnevich & Young 2015) . Additionally, the potential distribution of insect species of economic importance, such as Lobesia botrana Den. and Schiff. (Lepidoptera: Tortricidae), beneficial and harmful insects for grapes (Fiaboe et al. 2012) , and Rhynchophorus ferrugineus (Olivier) (Coleoptera: Rhynchophoridae) in palm trees (Lv et al. 2011; Hoffmann & Thomson 2013) , has previously been reported. In addition, Phenacoccus solenopsis (Tinsley) (Hemiptera: Pseudococcidae) in cotton (Fand et al. 2014) and Diaphorina citri Kuwayama (Hemiptera: Liviidae) in citrus (López-Collado et al. 2013 ) have been studied. Recently, Biber-Freudenberger et al. (2016) estimated the potential distribution of Bactrocera invadens Drew, Tsuruta & White (Diptera: Tephritidae), Ceratitis cosyra (Diptera: Tephritidae), and Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) in Africa. A common objective for these studies was the ability to generate scenarios for the purpose of planning and designing more efficient strategies for the management of these pests at different spatial scales.
In addition to modeling the distribution of invasive species, it is important also to consider their relationship with their potential hosts. Barredo et al. (2015) determined the potential distribution of Hylobius abietis L. (Coleoptera: Curculionidae) and Cameraria ohridella Deschka & Dimić (Lepidoptera: Gracilariidae) in 5 species of trees. They considered the vulnerable areas as those that could be occupied by both the insect pests and the host. The shared areas were divided into 4 categories: (a) habitat not suitable for the insect, (b) suitable habitat for the insect and no host presence, (c) adequate habitat for the insect and presence of the host, and (d) habitat not suitable for the insect but with host presence. This categorization allowed the precise identification of changes in the habitat suitable for insects for each host studied. Damus (2009) More recently dos Santos et al (2017) also modeled the global distribution of D. suzukii using MaxEnt and GARP (Genetic Algorithm for Ruleset). However, modeling the potential distribution of D. suzukii with the presence of alternate hosts has not been published.
Mexico has an annual production of 596,592 tons of berries (blackberry, raspberry, blueberry, and strawberry) in an area of 29,721 ha (SIAP 2016) . This production results in an income greater than 805 million dollars with an annual growth rate of approximately 29.8%. Given the accelerated growth and the opening of new berry production areas in Mexico, it is useful to model the potential distribution of D. suzukii in the presence of non-host crops. The purpose of this research was to determine the potential distribution of D. suzukii in Mexico, given scenarios that include the presence of wild blackberry, yellow mombin, black cherry, and guava using Ecological Niche Modeling with the MaxEnt algorithm. (Table 1) . The data for the presence of wild blackberry, yellow mombin, black cherry, and guava were obtained from the Global Biodiversity Information Facility (www.gbif.org). Additionally, data from field sampling during 2013 to 2015 in the areas surrounding commercial blackberry production were included in the analyses.
Materials and Methods

RECORDS
SELECTION OF ENVIRONMENTAL VARIABLES
Worldclim's bioclimatic variables (http://www.worldclim.org) were used in the analysis (Hijmans et al. 2005) . WorldClim consists of a set of data layers generated from the interpolations of monthly average weather data from meteorological stations around the world with a 30-s arc of grid resolution (often referred to as 1 km 2 ). The variables included total monthly and average monthly precipitation, and minimum and maximum temperatures, to generate 19 bioclimatic variables (O'Donnell & Ignizio 2012) .
A principal component analysis was performed with the 19 WorldClim variables for points that contained records of the presence of D. suzukii in order to reduce variable redundancy and the existence of multicollinearity (Graham 2003; Cruz-Cárdenas et al. 2014b) . A data matrix of 19 columns (values of the environmental variables) and N rows was created, which corresponds to the observations or locations with the presence of D. suzukii and the non-crop hosts under study. The proportion of variance explained by each component in the principal component analysis, eigenvalues, and eigenvectors were obtained with Minitab (Ver. 17 Minitab Inc. State College, Pennsylvania, USA). The number of components was determined by using the Cliff criterion, retaining components with eigenvalues accounting for 70% or more of the total variance (Cliff 1987) . The correlation between the original variables and the selected components was estimated according to Pla (1986) . The discrimination of the climatic variables was completed by quantifying the proportion of the variance explained by each original variable on the components selected by the sum of squares of the correlation between original variables and the selected components. The variables that contributed less than 80% to the variance were excluded from the modeling. Given the large number of D. suzukii records in some of the sampled areas, a grid of 6 × 6 km was generated, which considered only 1 record within each grid. For the non-crop hosts under study, the spatial distribution of the records was wider, and no modifications were made.
MODELING THE POTENTIAL DISTRIBUTION OF DROSOPHILA SUZUKII AND NON-CROP HOSTS
Modeling of the potential distribution of D. suzukii and non-crop hosts (R. adenotrichos, S. mombin, P. serotina var. capuli and P. guajava) was performed with the MaxEnt algorithm (Phillips et al. 2006) . Previously, the environmental variables were selected as indicated above, and the records for presence of non-crop hosts were obtained.
The settings used for the MaxEnt modeling for D. suzukii and noncrop hosts were set to default (Phillips & Dudík 2008; Cruz-Cárdenas et al. 2014a; Jarnevich & Young 2015) . The cumulative output format was used as a prediction for conditions suitable for the species above a threshold (Phillips 2009 ). This output was obtained in the ASCII format, which was later input in ArcGIS ver. 10.3 (Esri Inc. Redlands, California, USA) for editing and processing the resulting maps that display the potential distribution of each species. The criterion used as a threshold from which D. suzukii was considered present was the maximum test sensitivity plus specificity (Liu et al. 2005) which was also applied by Barredo et al. (2015) . For the non-crop host species, the ten percentile training presence was used, i.e., ten percent of the records fell outside of the potential area and were those with an atypical environment, not included in the niche (Scheldeman & van Zonneveld 2011) and which 90% of the points of presence were within the potential range. In order to evaluate the performance of the 5 models that were generated in the MaxEnt algorithm, we used the receiver operating characteristic analysis. The receiver operating characteristic curve evaluates the configuration of a model regarding omission and commission errors through a single number independent of any threshold choice (Phillips et al. 2006) . The shared common area between the pest and the noncrop hosts under study was estimated according to the presence or absence categorization proposed by Barredo et al. (2015) . Table 2 displays the environmental variables identified by principal component analysis for each species that was analyzed. According to the contribution to the variance in the selected components, the average temperature in the coldest quarter (bio11) was the variable with the highest contribution to the presence of D. suzukii. For wild blackberry, yellow mombin, and guava, mean annual temperature (bio1) was the variable with the highest contribution to the variance, and for black cherry the average temperature in the hottest quarter (bio10) was the variable that contributed the most to the variance presence data.
Results
SELECTED CLIMATIC VARIABLES AND DROSOPHILA SUZUKII RECORDS
The reduction in the number of records of presence using a 6 × 6 km grid enabled us to obtain a model for the potential distribution of D. suzukii. This approach permitted a better model fit than with the original data given its spatial aggregation for the main berry-producing states of central and western Mexico (Michoacán, Jalisco, and Colima). Of the 1,680 records initially obtained, 135 were used in the final MaxEnt modeling.
Based on the receiving operator characteristic curve, the performance of the models was better than the random distribution. In all cases, the area values under the curve were higher than 0.9. These results indicate that the area predicted by the resulting models for the species have a higher sensitivity and a lower specificity, which classifies them as excellent (Swets 1988) . Figure 1 depicts the potential distribution of D. suzukii in Mexico. The state of Jalisco had the highest probability of favorable environmental conditions for the pest (Table 3) followed by the states of Michoacán and Oaxaca. For wild blackberry, the potential distribution indicated that this host is distributed mainly in the mountainous zone of Mexico, in the Sierra Madre Occidental, the Transverse Volcanic Belt, part of the Gulf Coastal Plain, and in a portion of the Sierra Madre del Sur. In this latter region, the state of Oaxaca contained the greatest area, followed by the states of Michoacán and Jalisco. Yellow mombin was associated more with tropical environments in Mexico, such as the Yucatán Peninsula and the Gulf coast of Mexico, and it was associated less with areas in the Pacific coast. Black cherry was distributed in the mountainous areas, similar to wild blackberry, and it extended more northward, but covered a considerable area in the central portion of the country. Finally, guava was distributed mainly in the tropical areas of the Gulf and the Pacific coasts, but it also occupied areas of temperate zones, although to a lesser extent (Fig. 2) . 
POTENTIAL DISTRIBUTION OF DROSOPHILA SUZUKII AND NON-CROP HOSTS
DISTRIBUTION OF DROSOPHILA SUZUKII IN THE PRESENCE OF NON-CROP HOSTS
The presence probability thresholds selected for each species allowed calculation of estimates of the potential distribution of D. suzukii in relation to non-crop hosts (Table 4 ). The area shared by D. suzukii and non-crop host species, based on the categorization by Barredo et al. (2015) is presented in Figure 2 . Of the total area predicted for potential distribution of D. suzukii, 72% coincided with the presence of P. guajava, 59% with P. serotina var. capuli, 35% with R. adenotrichos, and 17% with S. mombin. The results also indicated that of the area predicted for R. adenotrichos, 69% was shared with the area predicted for D. suzukii. Likewise, the corresponding values for P. serotina subsp. capuli, P. guajava, and S. mombin were 54, 36, and 14%, respectively.
Discussion
Drosophila suzukii has been reported to attack a large number of cultivated and non-cultivated hosts (Berry 2012; Lee et al. 2015; Poyet et al. 2014; CABI 2016) . This study demonstrates that the suitable habitat for D. suzukii distribution in Mexico is concentrated mainly in the central and western region of the country, including certain areas of the states of Oaxaca, Chiapas, and Baja California (Ensenada Municipality). Previously, preliminary modeling demonstrated a similar distribution of D. suzukii in the northwestern and central portions of Mexico (SENASICA 2013; LaNGIF 2014) , but the parameters and data sources for the modeling were not reported.
The principal component analysis allowed a priori reduction for the number of environmental variables to be used in the MaxEnt modeling for the potential distribution of the species studied, which facilitated the reduction of overfitting the models (Cruz-Cárdenas et al. 2014a) . In this regard, the temperature of the coldest month was the variable that explained the most variance for the D. suzukii distribution data. Wiman et al. (2014) and Tochen et al. (2015) indicated that temperature and relative humidity were the most influential factors that affected physiology, survival, fecundity, reproduction, behavior, and the population dynamics of D. suzukii. Adult mortality rate was reported to increase when temperatures were below 10 °C (Dalton et al. 2011) .
The determination of the potential distribution of D. suzukii in Mexico are consistent with the known distribution of the pest, especially in the central and western regions. Additionally, the results indicate additional favorable conditions for the development of this invasive species in areas in the southeastern portion of Mexico, such as certain zones in the states of Chiapas and Oaxaca in which the production of berries is nonexistent or incipient. The MaxEnt modeling for 4 non-crop hosts showed the areas potentially suitable for the development of D. suzukii. The potential distribution of wild blackberry is consistent with that described by Rzedowski and Calderón de Rzedowski (2005) , which reported that the presence of this host was mainly in the temperate zones of the Pacific coast. Yellow mombin distribution was similar to that previously reported (Avitia et al. 2003; Cruz & Rodriguez 2010; Arce-Romero et al. 2017) , and its distribution is mainly in the coastal zones of the Yucatan peninsula and the state of Veracruz, although it has been found to a lesser extent on the Pacific coast of Mexico. Additionally, potential distribution of black cherry was similar to that previously reported (Fresnedo-Ramirez et al. 2011) . Our results on the potential distribution of guava were generally similar to that previously described by Jaiswal and Jaiswal (2005) , but the distribution was different in locations with temperate conditions. This difference could be because during the construction of the model we included records of the host presence above 2,000 m above sea level, generally considered as temperate climate compared to places with similar latitude but with low elevations. Taken together, these results indicate that wild blackberry, yellow mombin, black cherry, and guava have a wide distribution in Mexico. Interestingly, the areas with a greater probability of distribution of these hosts coincided with the highest probability of D. suzukii distribution in the central and western zones of Mexico. This is also the region with the highest production of berry crops in the country. This coincidence of the presence of alternate hosts in the areas most favorable for D. suzukii development could partly explain the maintenance of the population of this pest during the seasons when commercial production is limited or non-existent (Jul to mid-Sep). During these summer months, yellow mombin, black cherry, wild blackberry, and guava are in full production, and they provide food, shelter, and suitable hosts for reproduction of D. suzukii in the absence of commercial berry production.
In summary, our results indicate that D. suzukii has a wide potential distribution in Mexico, confirming reports from the field, and our results add new potential zones of occurrence not previously reported. Likewise, our results depict the area with the greatest potential distribution in relation to 4 non-crop hosts, which partly explains the capacity for the survival and sustainability of the D. suzukii populations during the periods free from commercial production of berries (during the summer). These results will be useful for decision-making regarding the expansion of sampling and pest monitoring areas in the current and potential new areas for berry production in Mexico. 
